Cytokinesis requires a dynamic actin cytoskeleton and active remodeling of the plasma membrane. These changes include reorganization of the cortical cytoskeleton, modification of vesicle trafficking that changes the cell surface and extracellular matrix molecules, and partitioning of the membranes between the two cells to produce the daughter blastomeres (Wong et al., 1997; Shuster and Burgess, 2002; Saint and Somers, 2003; Inoue et al., 2004; Albertson et al., 2005; Foe and Von Dassow, 2008; Werner and Glotzer, 2008; Steigemann and Gerlich, 2009; Fededa and Gerlich, 2012) . Completion of cytokinesis is actively regulated by specific proteins and proceeds through a series of discrete and essential steps. These steps include: (1) assembly and positioning of the astral spindle Danilchik, 1999, 2001; Strickland et al., 2005; Yü ce et al., 2005; D'Avino et al., 2006; Odell and Foe, 2008; von Dassow et al., 2009) Av ai la bl e at w w w . s c i e n c e di r e c t .c om 
Introduction
Cytokinesis requires a dynamic actin cytoskeleton and active remodeling of the plasma membrane. These changes include reorganization of the cortical cytoskeleton, modification of vesicle trafficking that changes the cell surface and extracellular matrix molecules, and partitioning of the membranes between the two cells to produce the daughter blastomeres (Wong et al., 1997; Shuster and Burgess, 2002; Saint and Somers, 2003; Inoue et al., 2004; Albertson et al., 2005; Foe and Von Dassow, 2008; Werner and Glotzer, 2008; Steigemann and Gerlich, 2009; Fededa and Gerlich, 2012) . Completion of cytokinesis is actively regulated by specific proteins and proceeds through a series of discrete and essential steps. These steps include: (1) assembly and positioning of the astral spindle Danilchik, 1999, 2001; Strickland et al., 2005; Yü ce et al., 2005; D'Avino et al., 2006; Odell and Foe, 2008; von Dassow et al., 2009) ; (2) constriction of the actomyosin contractile ring to form the cleavage furrow through Rhofamily GTPases (Kishi et al., 1993; Jantsch-Plunger et al., 2000;  0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.12.003 Piekny et al., 2005; Chalamalasetty et al., 2006; Bement et al., 2006; Canman et al., 2008) , (3) migration of vesicles and the centralspindlin complex on microtubules to the midbody (Danilchik et al., 1998; Ng et al., 2005; Li et al., 2006; Albertson et al., 2008; McKay and Burgess, 2011) , (4) anchoring of endocytic vesicles in late stages of mitosis to the cleavage furrow (Schweitzer et al., 2005; Wilson et al., 2005) , and finally (5) fusion of endocytic vesicles or constriction by ESCRT-III to complete abscission of the daughter cells (Rappaport, 1997; Barr and Gruneberg, 2007; Manchinelly et al., 2010; Neto and Gould, 2011; Guizetti et al., 2011; Carlton et al., 2012) . Here we investigate relationships between these cytokinesis events and focal adhesion kinase signaling.
Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase. It is found in migrating cells that form protein clusters at focal adhesion sites with integrins involved in cell attachment (reviewed by Mitra and Schlaepfer (2006) , , Frame et al. (2010) and Schaller (2010) ). FAK, a key signaling kinase in these structures, interacts with many proteins including the kinases Src and Cas and the proteins paxillin and talin, which link FAK to the integrins (Yamakita et al., 1999; Chatzizacharias et al., 2008) . Signaling through FAK also mediates cell survival, the stabilization of lipid rafts, the stabilization of microtubule interaction with the membrane, endocytosis, vesicle trafficking (Almeida et al., 2000; Guan, 2004; Palazzo et al., 2004; Avizienyte and Frame, 2005; Wu et al., 2005) . FAK can be activated independent of integrin signaling and cell adhesion by ezrin-family proteins or by phosphatidylinositol 4,5-bisphosphate (PIP 2 ) localized to the cleavage furrow (Linseman et al., 1999; Poullet et al., 2001; Field et al., 2005; Janetopoulos et al., 2005; Wo ng et al., 2005; Logan and Mandato, 2006; Cai et al., 2008; Nezis et al., 2010) . The integration of multiple stimuli and mediation of downstream signals through an array of protein interactions reveal FAK's importance in diverse cellular processes (Mitra et al., 2005) .
Vesicle trafficking is required for abscission to occur (Albertson et al., 2005 (Albertson et al., , 2008 Matheson et al., 2005; Ng et al., 2005; Schweitzer et al., 2005; Barr and Gruneberg, 2007; Echard, 2008) . FAK-stimulated Src phosphorylation of endophilin inhibits dynamin-mediated endocytosis (Wu et al., 2005) , whereas FAK-stimulated Src phosphorylation activates endocytosis of cadherins (Avizienyte and Frame, 2005) . FAK could be involved in the turnover of vesicles near the cleavage furrow. FAK signaling plays a role in vesicle trafficking, including endocytosis of integrin complexes (Ezratty et al., 2005; Chao et al., 2010; Wang et al., 2011) and exocytosis of vesicles (Doucey et al., 2003; Rosse et al., 2009; Gupton and Gertler, 2010) . We have found FAK in the cortex of the zygote and early cleavage stages of the sea urchin embryo (García et al., 2004) . Abscission was aborted and endocytic vesicles were misregulated when we knocked down FAK with antibodies or morpholino oligonucleotides. Here we report the first observation of a requirement for FAK during abscission.
Results

FAK oscillates during cleavage
FAK was monitored during early cleavage by immunostaining whole embryos with an affinity-purified polyclonal antibody to the focal adhesion targeting domain (FAT) at the C-terminus of Lytechinus variegatus FAK. As shown below, FAK morpholino eliminated most staining of the antibody demonstrating its specificity. FAK was not detected in the fertilized egg (Fig. 1a) , but increased in the late zygote (Fig. 1b) . During initial formation of the cleavage furrow, FAK localized to the cortex (Fig. 1c, double arrowhead) . FAK was seen at the leading edge of the forming furrow but was excluded from the cytoplasm that lies in the plane of the future cleavage site (Fig. 1c, arrowhead) . When blastomere abscission appeared complete, FAK was enriched in the entire cortex, including the surface between the two new blastomeres (Fig. 1d, arrow) . FAK declined abruptly in the middle of the two-cell stage (Fig. 1e ) but then increased in the cytoplasm at the onset of the second cleavage (Fig. 1f) . As cleavage proceeded, FAK was again enriched in the cortex of the forming blastomeres (Fig. 1g) , and when abscission was complete, immunoreactivity declined again (Fig. 1h) . Thus, FAK oscillated consistently through the first cleavages, being localized most strongly to the cell cortex during cleavages, and was present in the forming cleavage furrow.
To verify the stages during which FAK increases and decreases in the cleaving embryos, Lytechinus pictus embryos were stained with antibodies to tubulin and with DAPI to stain DNA, as well as with the affinity-purified antibody to sea urchin FAK. Fig. 2A shows the triple stain, as well as the FAK fluorescence alone. At prophase (top panels), FAK fluorescence was low and continued low through early prometaphase. In late prometaphase and as the cells entered early anaphase, FAK fluorescence increased and was very high when the embryos entered late anaphase. But in telophase, the FAK fluorescence significantly declined. Fig. 2B compares the maximum fluorescing regions, which were next to the nucleus, as well as the division plane between the two cleaving cells for the different stages. Cytoplasmic FAK increases beginning in prometaphase and decreases at telophase concomitant with an enrichment of FAK at the cleavage furrow. Thus again, FAK cycles with the cell cycle.
To understand the cellular oscillations of FAK protein, we investigated protein levels with western blots of the embryos in early cleavage stages (Fig. 3) . We isolated cell homogenates from synchronized embryos and probed the western blots for both FAK and the housekeeping protein glyceraldehye-3-phosphate-dehydrogenase (GAPDH) (Fig. 3A) . FAK was present at low levels in eggs and zygotes for 60 min. It increased during anaphase of the first cleavage, declined during telophase and prophase and increased again in the second cleavage ( Fig. 3B and C) . The early cyclic behavior of FAK protein parallels the observations in Figs. 1 and 2 that FAK immunostaining rises during cleavage furrow ingression and blastomere formation ( Figs. 1 and 2 ). The cycling behavior suggests that L. variegatus and L. pictus FAK have a mechanism for cyclic destruction synchronized with cell division.
FAK knockdown results in regression of the cleavage furrow
We tested the hypothesis that the cycling of FAK is required for the cell cycle by injecting zygotes with the affinity-purified anti-FAK antibody to block the function of FAK (Fig. 4A) . As a control, zygotes were injected with heat-inactivated FAK antibody ( Fig. 4Ba-c) . The embryos injected with heat-inactivated FAK antibody cleaved normally (n = 8), developing into normal gastrulae ( Fig. 4Ba-c ) and prism-stage larvae with pigment cells (not shown). Fig. 4A shows a blastomere injected with affinity-purified anti-FAK antibody ( Fig. 4A -right embryo; oil droplet indicates an injected embryo). This embryo underwent regression of multiple cleavage furrows resulting in an aberrant 4-celled embryo, while the other embryo proceeded to divide, resulting in an early blastula embryo. Overall, 51% (27/53) of anti-FAK antibody-injected zygotes underwent regression of the cleavage furrow as in Fig. 4A .
To further test the loss-of-function phenotype, we co-injected two FAK morpholino oligonucleotides. Fig. 5A shows an embryo on the right developing from an egg injected with FAK morpholino (oil droplet). This embryo initiated cleavage and formed a cleavage furrow, but in the next 4 min, the cleavage furrow regressed and the cell stopped dividing ( Fig. 5Aa-Ac) . The uninjected embryo proceeded to the early blastula stage. Overall, 52% (16/31) of the FAK morpholino-injected zygotes attempted to cleave once and then the furrow regressed, aborting the cleavage. To confirm FAK knockdown by the morpholinos, we used immunolabeling with affinitypurified FAK antibody (García et al., 2004) . FAK was present in uninjected embryos during the first cleavage ( Fig. 5Ba) but not in morpholino-injected embryos during the first ( Fig. 5Bb ; n = 8) or second cleavages (Fig. 5Bc) . Nomarski images show the stage of the morpholino-injected embryos. The cell with the highest concentration of morpholino and no FAK-expression ( Fig. 5Bc) , had abortive abscissions.
Finally, to visualize the effects of FAK knockdown on membrane dynamics during cleavage, embryos were bathed in FM1-43, a membrane-impermeant, lipophilic vital dye, which integrates into the plasma membrane and membranes derived from it, including endocytic vesicles. As shown in Fig. 6 , membranes did form between the cells in the uninjected and anti-FAK antibody-injected zygotes by 70 min after fertilization (Fig. 6A ). However, between 72 and 75 min the membranes associated with the cleavage furrow began to regress in the zygotes injected with anti-FAK antibody. Regression of the cleavage furrow was rapid, taking only five or six minutes (panels 72-78 min Fig. 6A ). Contrast-stretched images of live embryos injected with anti-FAK antibodies revealed an increase in FM1-43-label in endocytic vesicles in the cytosol (Fig. 6B) . Similarly, embryos injected with morpholino oligonucleotides to FAK had made several attempts at cell division by the time the uninjected embryos reached the 16-cell stage. Only a few of the cleavages in FAK-depleted were successful, leading to embryos with oddly shaped cells. Surprisingly, FM1-43-labeling revealed an increase in endocytosed vesicles. In summary, knockdown of FAK function by antibodies or by morpholino oligonucleotides led to the regression of cleavage furrows and an arrest of cytokinesis in early cleavage embryos.
Quantification and timing of endocytic vesicle accumulation after FAK knockdown
Vesicle trafficking is important in cytokinesis Wessel, 1999, 2000; Feng et al., 2002; Shuster and Burgess, 2002; Jurgens, 2004; Albertson et al., 2005; Ng et al., 2005; Schweitzer et al., 2005; Barr and Gruneberg, 2007; . Evidence here suggests that FAK in some way represses endocytosis or promotes recycling of vesicles ( Fig. 6B and C) . To test this concept, zygotes were again injected with the antisense FAK morpholino and immersed in ASW containing FM1-43. In the injected embryo, accumulation of endocytic vesicles became apparent before the cleavage furrow would have formed in the normal embryo ( Fig. 7Aa and Ab) and by the time there was clearing of the cytosol by spindle formation (Fig. 7Aa) . Thus, FAK appears to have an early role in regulating endocytosis or exocytosis. To quantify the accumulation of endocytic vesicles, pairs of FAK morpholino-injected and uninjected embryos were positioned next to each other in injection chambers containing FM1-43 in ASW, and each pair of embryos was imaged in the same scan. Average fluorescence intensity for each embryo was quantified using Metamorph software. Eight out of eleven FAK-depleted embryos showed a significant increase of endocytic vesicles compared to uninjected embryos. Fig. 7B shows an approximate 1.6-fold increase in fluorescence intensity in FAK morpholino-injected embryos (n = 6, p = 0.00006).
Discussion
The cyclic degradation of FAK
FAK immunoreactivity is high during cytokinesis and low when the cells are not cleaving. This cycling was best shown in Figs. 1 and 2 by direct labeling of FAK with affinity-purified antibody (García et al., 2004) and is supported by blots of the isolated proteins from these early embryos (Fig. 3) . The cycling of FAK similar to the cyclin proteins has led us to hypothesize that FAK has a similar mechanism of synthesis and destruction (Evans et al., 1983) . Table S1 shows the sequence of echinoderm FAK at the N-terminal end with potential D-box sequence (RX 2 LX 5 N: Fung et al., 2005; Rape et al., 2006) . Echinoderm FAK and vertebrate FAK proteins have a second potential D-box sequence in the kinase domains of the protein. We suggest as a working hypothesis that one of these sequences in FAK could signal ubiquitination and degradation in late anaphase or in telophase, as for cyclin proteins A and B, and FAK could likewise be resynthesized by the end of G1, imparting cyclic expression (See Table S1 in the Supplements). Like cyclin A and B proteins in Sphaerechinus granularis (Moreau et al., 1998) , FAK is not detected in our just-fertilized eggs. Testing of a role for D-box-like sequences in regulating FAK levels and determining which potential D-boxes might be important will await future sitedirected mutagenesis analysis of this potential ubiquitination signal.
An alternative explanation for apparent rapid FAK cycling is that the FAK antibody recognizes only a post-translational modification displayed in a cyclic manner. Yamakita et al. (1999) and Ma et al. (2001) showed that during mitosis one serine residue in the C-terminal focal adhesion targeting domain of FAK is phosphorylated and then rapidly dephosphorylated when cells are released from mitotic arrest. If our sea urchin antibody recognized only a phosphorylated C-terminal focal adhesion targeting domain, then immuno-detection would oscillate. This is unlikely however, because our polyclonal antibody is directed at a large 163 amino acid sequence of the FAT domain and was affinity-purified against an unphosphorylated bacterially expressed protein. Thus, our data are consistent with cyclic FAK degradation and imply that changes in the levels of FAK expression are important in early embryonic cleavage.
3.2.
Relationship between the localization of FAK and the abC, abG, and abL integrins during the cell cycle There are four integrin b subunits in the sea urchin Sphaerechinus purpuratus data base. Three of these subunits have been characterized, the bC, bG, and bL subunits (Marsden and Burke (1997) . The bC integrin subunit is essential for formation of the cortical actin skeleton in sea urchin eggs and during cleavage (Burke et al., 2004) cortex, including the leading edge of the forming cleavage furrow and also in the cytoplasmic region, but not in the plane of cleavage (see Model Fig. 7C ). Thus, it is unlikely that there is interaction between FAK and abC integrin at the abscission membranes.
The bG integrin protein subunit is expressed during gastrula and pluteus stages and is found on primary and secondary mesenchyme cells, pigment cells, and at the junctions between the epithelial cells (Marsden and Burke, 1997) . On the other hand, the bL integrin protein is expressed at the vegetal plate where it appears to mediate ingression of the archenteron (Marsden and Burke, 1998) . Both subunits have low mRNA and protein concentrations during cleavage, leaving open the possibility that they could be at the cleavage furrows during early cleavage, but such a location has never been shown. The bD subunit has not been characterized, and there is no reliable antibody for it (R.D. Burke personal communication). The interaction of FAK with integrins in the cleavage furrow awaits demonstration of the presence of integrins in the cleavage furrow in sea urchin embryos, although b subunits are inserted into the cleavage furrow in Xenopus embryos (Gawantka et al., 1992) . One alternative possibility is that FAK's role in cleavage may be independent of integrin signaling. We explore these possibilities below.
3.3.
Possible functions of FAK in cytokinesis, blastomere abscission, and cleavage furrow regression Multiple proteins are now being reported to function during abscission (Hutterer et al., 2009; Nezis et al., 2010; Ory and Gasman, 2011; Sagona et al., 2010) . Here we report the first observation of a requirement for FAK during abscission. We consider the working hypothesis that FAK regulates function and the final disassembly of the contractile ring, stabilizing components of the contractile ring.
We observed that FAK has no apparent influence on cleavage furrow initiation or progression but is required for abscission: in the absence of FAK, the cleavage furrow regresses. In addition cytoplasmic vesicles increase in the absence of FAK.
How could FAK be required for anchoring of vesicles at the abscission plane or even disassembly of microtubules? Abscission requires recycling endosomes or Golgi-derived vesicles to be translocated late in telophase to the cleavage furrow on distinct microtubules that contact the cleavage furrow (Danilchik et al., 1998 (Danilchik et al., , 2003 Jesuthasan, 1998; Danilchik, 1999, 2001; Skop et al., 2001; Shuster and Wessel, 1999, 2000; Low et al., 2003; Gromley et al., 2005; Hertzog and Chavrier, 2011; Heider and Munson 2012) . These vesicles are then anchored at the plasma membrane by the centralspindlin complex containing Rho GTPase, MgcRacGAP, and a kinesin motor, all of which are required for abscission (Mishima et Hutterer et al., 2009; Ory and Gasman, 2011; White and Glotzer, 2012; Lekomtsev et al., 2012) . FAK binds both RhoGEFs and RhoGAPs and is a multifunctional integrator, coordinating cytoskeleton, membrane dynamics, and cellular signaling (Playford et al., 2008; Tilghman and Parsons, 2008; Schaller, 2010) . These considerations support the hypothesis that FAK binds to the centralspindlin complex and actives MgcRacGAP by tyrosine phosphorylation to mediate the final disassembly of the actin contractile ring or to promote membrane insertion for the completion of cytokinesis (Ren et al., 2000; Emoto et al., 2005; Holinstat et al., 2006; Logan and Mandato, 2006; Cai et al., 2008; Nezis et al., 2010) . This model is supported by the observation that FAK is concentrated at cleavage furrow ( Figs. 1 and 2 ) and that FAK knockdown leads to cytoplasmic endosome accumulation.
FAK disruption leads to an accumulation of endocytic vesicles
How could FAK be modulating vesicle trafficking? We observed that accumulation of excess endocytic vesicles in the sea urchin starts prior to cleavage-furrow formation. The accumulation of vesicles is thus negatively-regulated by the presence of FAK, either blocking unregulated endocytosis or promoting exocytosis. One hypothesis is that binding of FAK to the abC integrins in the cortex increases tension on the membrane and this is lost when FAK is knocked down. Mitosis results in an increase in membrane tension and less endocytosis (Raucher and Sheetz, 1999; Gauthier et al., 2012) . Endocytosis is increased in a manner indirectly proportional to a decrease in tether force when membranes were disrupted by deoxycholate and ethanol. Hence a loss of membrane tension resulting from down regulation of FAK could explain the increased endocytosis that we see.
How else might down regulation of FAK affect vesicle trafficking during the termination of mitosis? A second hypothesis is that FAK-Src interactions are required for the regulated dynamics of endocytosis or exocytosis and vesicle trafficking, which might be a preparatory step for abscission. Studies in other systems suggest that FAK signaling plays a role in vesicle trafficking, including phagocytosis (Bruce-Staskal et al., 2002) , endocytosis of integrin complexes (Chao et al., 2010; Auriemma et al., 2010; Wang et al., 2011; Mao and Finnemann, 2012.) The bC integrin subunit localizes to the apical edge associated with the vitelline layer but is excluded from the basolateral membrane that forms between blastomeres (Murray et al., 2000; Burke et al., 2004; Alford et al., 2009) . FAK was localized in the entire cortex, including the apical edges and the membrane between the blastomeres. FAK was also found in the cytoplasm (not shown).
Src facilitate exocytosis of endosomes through VAMP2 in migrating cells (Gupton and Gertler, 2010) and Src and phosphotyrosine residues are present at the cleavage furrow (Hime et al., 1996; Ng et al., 2005) . Thus FAK, which binds Src, may act as a scaffold to link Src and RhoGAP to endosomes during their transport and exocytosis (Holinstat et al., 2006; Playford et al., 2008; Sandilands and Frame, 2008; ). This process might be disrupted with the loss of FAK.
In conclusion, FAK is needed in early cleavage where it may have more than one signaling role, including disassembly of the actin cytoskeleton, stabilization of centralspindlin proteins, and regulation of the dynamics of endocytic vesicle trafficking. It will be important in the future to determine whether abscission requires FAK-dependent disassembly of cortical actin, whether FAK mediates the stabilization of lipid rafts or the centralspindlin complex, and how FAK is involved in vesicle trafficking during cytokinesis.
4.
Experimental procedures
Animals and embryo culture
Adult L. variegatus were obtained from Duke Marine Lab (Beaufort NC) and L. pictus from Marinus (CA) and housed in seawater tanks at 17°C. Adult Strongylocentrotus nudus were obtained near Asamushi Marine Station in Asamushi, Japan, and housed in tanks with running seawater. Adults were spawned by intracoelomic injection of 0.5 M KCl, and gametes were collected into filtered seawater. L. variegatus embryos were cultured in vitro and jelly coats and fertilization envelopes removed by passaging zygotes seven times through a 100 lm Nitex filter.
L. pictus, used only for Figs. 2 and 3, were treated briefly with pH 4.5 Hepes buffered sea water, washed in pH 8 Hepes buffered sea water and fertilized in the presence of 3-amino-1,2,4-triazole (ATZ, Sigma, St Louis, MO) with continuous stirring.
Western blotting
We generated the rabbit polyclonal anti-FAK antibody against the C-terminal focal adhesion targeting domain (FAT) of L. variegatus FAK (amino acids 848-1010 including serine 909 ; GI: 31377435; GB: AAN38839.1; García et al., 2004) . The antibody was affinity-purified using FAK immune serum diluted 1:1 in phosphate-buffered saline (PBS: 140 mM NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 ) and centrifuged in an Eppendorf microcentrifuge model 5415C at 10,000 rpm for 20 min. The supernatant was collected and passed over a column bound with GST-FAK expressed protein (García et al., 2004) and eluted according to kit instructions to recover anti-FAK immunoglobulin (GST-Orientation Kit, catalogue # 78201, Pierce Biotechnology, Rockford IL). For microinjections the antibody was dialyzed using Slide-A-Lyser mini dialysis filters (Pierce Biotechnology, Rockford IL) to a final concentration of 1.25 mg/mL in 20 mM sodium phosphate pH 7.0.
Whole-cell homogenates were prepared by boiling staged and packed embryos in 50-100 lL reducing SDS-PAGE sample buffer for 3 min, followed by rapid freezing on powdered dry ice. Protease inhibitors were added to the embryos during hand centrifugation in sea water and to the SDS-PAGE buffer (1 mg/mL SBTI and 1 mini complete tablet of proteinase inhibitors/5 mL (Roche Diagnostics, Indianapolis. IN), and to the SDS-PAGE buffer DTT to 20 mM). The solvated cell homogenates were stored at À80°C. For each stage, up to 10 lL of the cell homogenates were run on a Novex 10% Tris-glycine SDS-PAGE gel (Invitrogen, Carlsbad CA). Gels were blotted onto Hybond nitrocellulose membrane (Amersham Biosciences, Piscataway NJ) as described by García et al. (2004) . Blots were immunolabeled with our affinity-purified anti rabbit polyclonal to FAK and anti rabbit polyclonal to GAPDH (Sigma, St. Louis MO). Blots were detected using the ECL + Kit (Amersham) and X-ray film. The films were scanned using a Canon CanoScan LiDE200 office scanner at 600 dpi on manual. The scans were quantitatively analyzed using ImageJ (http:// rsb.info.nih.gov/nih-image) with default settings according to lukemeller.org (http://lukemiller.org/index.php/2010/11/ analyzing-gels-and-western-blots-with image-j/). ImageJ allowed us to measure the density profiles, peak heights and peak intensity of the bands. The contours of the rectangular boxes were determined arbitrarily using a width of approximately 30% of the lane and long enough to completely outline all the bands of interest and the neighboring background. (Fig. 3B) .
The percent cleavage was observed in live embryos during culturing, and the mitotic stages were determined in from embryos fixed in 4% paraformaldehyde or 4% paraformaldehyde plus 0.3% gluteraldehyde at the same time as those isolated for western blots.
Immunocytochemistry of FAK
To determine the location of FAK during cleavage, whole embryos were labeled with the anti-FAK antibody. Embryos for Fig. 1 were fertilized in PABA to allow diffusion of antibodies through the fertilization membrane. Embryos were fixed in 4% paraformaldehyde at 4°C for at least 1 h, then dehydrated in methanol, and stored at 4°C (Fig. 1 ). Embryos were rehydrated in artificial sea water (ASW: 425 mM NaCl, 9 mM KCl, 9 mM CaCl 2 , 26 mM MgSO 4 , 23 mM MgCl 2 , 2 mM NaHCO 3 ) containing 1% Tween-20 (ASW-T), and blocked in blocking buffer (ASW-T with 1% BSA) for 1 h. They were then incubated with the FAK antibody diluted 1:500 in blocking buffer for 1 h, washed 4 · 30 min with ASW-T. FAK was detected with Alexafluor 488 anti-rabbit secondary antibody diluted 1:500 in blocking buffer for 1 h. Embryos were then washed in ASW-T, and mounted in 50% glycerol. Labeling was visualized using a Leica TCS SP2 AOBS confocal microscope.
Embryos for Fig. 2 were fertilized in ATZ and at each stage fixed for 10 min according to Terasaki (2000) in 1% gluteraldehyde by adding 0.6 mL of 25% gluteraldehyde to 15 mL of embryos in Millipore-filtered sea water buffered with 20 mM Hepes at pH 8. After the embryos settled, they were further fixed for 2 h in 1.5 mL 0.3% gluteraldehyde in PBS (0.15 mL gluteraldhde/12 mL PBS). The fixed embryos were washed in TBS 0.1% Triton X-100 (150 mM NaCl, 10 mM Tris HCl pH 7.5, 0.1 g Triton X100/100 mL), then permeabilized in fresh 0.1% sodium borohydride (Sigma, Saint Louis, MO) in PBS 1 h and in fresh 0.1% sodium borohydride in PBS overnight. These embryos were washed in PBS, then TBS 0.1% Triton · 100, and blocked in 10% donkey serum in TBS 0.1% Triton X-100 for 5 h at RT. The embryos were immuno-labeled with affinitypurified polyclonal rabbit sea urchin FAK antibody diluted 1:500 and mouse monoclonal DM1a antibody diluted 1/1000, and finally with the secondary antibodies Alexa-fluor 488 goat anti-rabbit and Alexa-fluor 568 goat anti-mouse antibodies diluted 1/500.
The embryos were imaged using a Deltavision imaging system equipped with an inverted microscope (IX-71; Olympus) and softWoRx (version 5.0; Applied Precision, GE Healthcare) with 3D rendering. A CoolSNAP HQ2 camera (Photometrics) was used to record the images in 25 onemicrometer sections. The sections were projected and the green channels (consisting of FAK label) were all normalized identically using ImageJ.
FAK morpholino oligonucleotides
The two FAK morpholino oligonucleotides we described in García et al. (2004) , were not effective when used singly, but proved very effective when coinjected. They were resuspended in sterile water at 100 lM, mixed together in equal amounts, and microinjected as described below. These antisense morpholino oligonucleotides are non-overlapping and are specific to a region of the FAK 5 0 UTR and start site: Morpholino-1 spans positions À35 to À11; Morpholino-2 spans positions À6 to +17. Microinjections were calibrated to 37 pL, yielding a final cytoplasmic morpholino concentration of 3.7 lM. Microinjection of 37 pL of sterile water had no effect on cleavage patterns. To determine whether morpholino injections were effective at knocking down FAK protein expression, zygotes were injected as described above, incubated until uninjected control embryos had cleaved to two or four cells, and then fixed in ASW containing 4% paraformaldehyde at 4°C for 1 h. Embryos were washed three times in ASW, then slowly dehydrated in methanol, and stored in 100% methanol at 4°C. Embryos were rehydrated in PBS and then immunolabeled with the anti-FAK antibody as described above.
Because FAK mediates cell survival signals (Ilic et al., 1998; Almeida et al., 2000) , we tested whether FAK knockdown would result in cell death. Microinjection of the FAK morpholino mix resulted in death of 32% of injected embryos (10/31); however, 16% (5/31) of the uninjected embryos from these batches also failed to survive. Since most embryos survived FAK disruption, it is unlikely that FAK plays an indispensible role in cell survival in the zygote and early cleavage stages.
4.5.
Microinjections, microscopy, and visualization of endocytic vesicles
Microinjections of L. variegatus were performed as described by Dr. Laurinda Jaffe (http://155.37.3.143/panda/injection/index.html) and Conner and Wessel (1998) . Briefly, eggs were fertilized and zygotes placed into a Kiehart chamber in ASW and injected with antibody or morpholino. The needle was calibrated to an oil drop with a volume of 37 pL: this is about 3.7% of the volume of an average L. variegatus egg. Control injections included buffer-only (20 mM sodium phosphate pH 7.0) or FAK antibody that was heat inactivated by boiling for 10 min in 20 mM sodium phosphate pH 7.0. Antibodies were mixed with RITC Dextran (3 · 10 3 M r , Molecular Probes, Eugene OR) to visualize injected embryos. Timelapse images of anti-FAK or morpholino injected L. variegatus embryos were taken with a Leica TCS SP2 AOBS scanning confocal microscope. Cross-reactivity of purified anti-FAK antibody with Strongylocentrotus nudus gastrula-stage cell post-mitochondrial supernatant was tested by western blotting, which revealed a single 125 · 10 3 M r , band (data not shown). The purified antibody was then microinjected into unfertilized eggs of S. nudus to approximately 5% of the egg volume. Eggs were cultured at 18°C for about 90 min after injection and then fertilized with dilute sperm solution. Fertilization was confirmed by observing the lifting of the fertilization envelope. Embryos were observed and photographed using a Leitz DMRD microscope. Endocytic vesicles were visualized by incubating embryos in ASW containing 2 lM FM1-43 (Molecular Probes, Eugene OR), which fluorescently labels the plasma membrane, and imaged using confocal laser scanning microscopy. FM1-43 is also incorporated into endocytic vesicle membranes as they internalize, thus allowing us to visualize endocytosis as cleavage progressed. Endocytic vesicles were quantified from images representing single confocal slices, by comparing the FM1-43 fluorescence of equal-sized regions from within the injected embryo and a neighboring uninjected embryo. Average image intensities were calculated using Metamorph software (Universal Imaging Corporation, Downington PA) and were compared using a 2-tailed t test.
